For the first time, sufficient and appropriate data are available for us to attempt a kinetic model of a portion of the metabolism underlying a simple differentiation system. This has been possible in the cellular slime mold because of: (1) the relative simplicity of the metabolic changes involved, compared to those of more complex organisms; (2) the lack of growth and of extensive qualitative changes at the enzyme level; and (3) the availability of the various kinds of information required to fully analyze the "fine-level" control of metabolism: cellular levels of substrates, products, coenzymes, and effectors; enzyme specific activities, affinity constants, etc.; and most importantly, the rates in vivo of critical reactions necessary to differentiation. The data that have now accumulated relevant to the intermediary metabolism of the cellular slime mold have reached a stage of complexity requiring a quantitative dynamic model for further analysis. The range of possible control mechanisms and their interdependence have become so complicated that it is difficult to distinguish cause from effect and random variation from significant change.1
For the first time, sufficient and appropriate data are available for us to attempt a kinetic model of a portion of the metabolism underlying a simple differentiation system. This has been possible in the cellular slime mold because of: (1) the relative simplicity of the metabolic changes involved, compared to those of more complex organisms; (2) the lack of growth and of extensive qualitative changes at the enzyme level; and (3) the availability of the various kinds of information required to fully analyze the "fine-level" control of metabolism: cellular levels of substrates, products, coenzymes, and effectors; enzyme specific activities, affinity constants, etc.; and most importantly, the rates in vivo of critical reactions necessary to differentiation. The data that have now accumulated relevant to the intermediary metabolism of the cellular slime mold have reached a stage of complexity requiring a quantitative dynamic model for further analysis. The range of possible control mechanisms and their interdependence have become so complicated that it is difficult to distinguish cause from effect and random variation from significant change. 1 The kinetic model to be presented is preliminary and must become more complex and sophisticated as other factors known to be involved are included and as new data become available. However, even in its present simplified form, the model has provided a valuable conceptual framework for thinking in kinetic terms and for understanding some of the complexities of the differentiating cell; it has revealed new relationships and objectives not previously apparent and has made possible specific predictions, which are now being tested in the laboratory.
Data Relevant to the Model.-Differentiation in the cellular slime mold can be described as a "closed system" in the sense that the cells are starving and independent of exogenous nutrients; dry weight decreases to about half the original value. Total carbohydrate content, based on the original dry weight, remains fairly constant throughout development.24 By the end of the differentiation process, it is possible to account very roughly for the total carbohydrate (anthrone-positive) material (about 14% of the final dry weight) in terms of identifiable compounds. Expressed in glucose equivalents/ml of packed cells (-100 mg dry weight) and as per cent of the original dry weight, these materials are trehalose (15 A number of lines of evidence suggest that protein is used primarily as an energy source in this system and that the polysaccharide end products of differ-644 entiation may be derived primarily from soluble glycogen.8-" Uridine diphosphate glucose (UDPG) is a precursor for all the carbohydrates involved, and uridine 5'-triphosphate (UTP) and glucose-i-phosphate (G-1-P) are precursors of UDPG. The accumulation patterns during differentiation of the compounds involved in these reactions are shown schematically in Figures 1 and 2 . UTP does not vary significantly from aggregation to sorocarp."1
Because of the central role of UDPG in the synthesis of the end products of differentiation, its synthesis in vivo and in vitro was carefully examined by Pannbacker in our laboratory.12 13 The enzyme catalyzing this reaction is UDPG pyrophosphorylase. When cells were exposed to [C14]-uracil and thereafter the specific radioactivity of intracellular UTP and UDPG was determined as a function of time, it was found that the rate of UDPG synthesis in vivo increased about threefold during development. The average rate of UDPG synthesis at culmination was 0.08 .umole/min/ml packed cells, which can account for the synthesis of 40 Amoles of end products (including soluble glycogen) over the period of time normally required for the accumulation of these materials during differentiation (8-10 hr at 230). The rate of synthesis of cell wall material from intracellular [C'4]-UDPG was also determined in vivo and was found to be sufficient for its observed rate of accumulation. '2 The intracellular concentrations of UTP and G-1-P during differentiation are known and are well below the Km values determined with the purified enzyme. The potential amount of UDPG pyrophosphorylase in a given volume of packed cells was determined (Vmax), and calculations based on all these data indicated that increased substrate availability during development could fully account for the increased rate of synthesis of UDPG. Enzyme specific activity (based on protein) also increased about threefold, but was not considered to be an important controlling factor. The data to be presented strongly support this conclusion.
The Kinetic Model.-The pattern of carbohydrate metabolism assumed in the model may be depicted as follows: (2) The rate of synthesis of UDPG follows M\ichaelis-MIenten kinetics. Binary complexes have been assumed.
(3) The rates of synthesis of soluble glycogen and end product saccharides are directly proportional to the concentration of UDPG. This is in accord with Michaelis-Mienten kinetics if KUDPG (the Michaelis constant for UDPG) is much larger than the concentration of UDPG. This is known to be the case in the synthesis of both soluble glycogen6 and cell-wall glycogen'5 (4) The rate of production of G-1-P is directly proportional to the concentration of soluble glycogen.
(5) All the reactions are essentially irreversible under the conditions existing within the cell.
(6) The end product saccharides are not degraded in the sorocarp.
(7) There is no gluconeogenesis. The differential equations describing the process are as follows: Fig. 2 are all summarized by one line in this model. The stages of development indicated are described in Fig. 1 . It is assumed that all of the carbohydrate initially present is glycogen. Figures 3 and 4 show the steady-state situation, in which the reaction parameters are not changed during 1400 minutes. The concentrations of UTP, G-1-P, and UDPG are negligible with respect to that of soluble glycogen, and are therefore hidden in the base line of Figure 4 . Figure 5 illustrates the effect on metabolite concentrations of tripling V.. (equivalent to tripling the amount of active pyrophosphorylase) in a linear fashion from 10 jsmoles/min/ml at aggregation to 30 ,Mmoles/min/ml at culmination. The only significant change is a threefold reduction of G-1-P from aggregation to culmination. There is no increase in the rate of UDPG synthesis, for while Vmax has gone up by a factor of 3, G-1-P has fallen by a factor of 3. The reduction in G-1-P is absorbed by a negligible increase in soluble glycogen; thus, the variation in the concentration of soluble glycogen with time is essentially identical to that shown in Figure 4 . Figure 6 demonstrates the results of reducing Vmex, by a factor of three linearly with time from aggregation to culmination. Once again the only effect is on G-1-P, which accumulates. For reasons similar to those discussed above, there is neither a decrease in the rate of UDPG synthesis nor a detectable change in soluble glycogen. Thus, alterations in the amount or activity of UDPG pyrophosphorylase affect only the concentration of G-1-P. In like fashion, variations in k1 change only the concentration of UDPG. If k2 is tripled in a linear fashion from 0.0008 min-at aggregation to 0.0024 min-at culmination, the results illustrated in Figure 7 are obtained. The concentrations of both G-1-P and UDPG rise threefold, as does the rate of UDPG synthesis; this is in accord with the experimental data. However, since none of the reaction parameters vary from culmination to sorocarp, there is no decrease in soluble glycogen, G-1-P, or UDPG during this period, nor do any end product saccharides accumulate. These latter features, which are observed in vivo, may be achieved with the model when values of ki = 0 and k3 = 0.5min-' (the value previously held by k1) are set at culmination and maintained until sorocarp. If this pattern of parameter variation is added to that used to produce Figure 7 , the changes illustrated in Figures 8 and 9 synthesis of UDPG. Changes in pyrophosphorylase affect only the concentration of G-1-P. If the specific activity of UDPG pyrophosphorylase increases significantly from aggregation to culmination, '6, 17 either the increase is masked (e.g., by inhibition by UDPG)'8 or the rate of G-1-P production increases more than threefold. Enzyme accumulation may be a secondary effect of the enhanced rate of UDPG synthesis. Higher substrate levels could stabilize the enzyme from degradation in vivo, or enzyme accumulation could result from its "induction" by an inhibitor1 or from the removal of a repressor.20
Inorganic phosphate (Pi) accumulates in the slime mold during differentiation. Preliminary data indicate that two enzymes involved in glycogen degradation, phosphorylase and amylase, are activated by such an increase. The concentration range of Pi found in D. discoideum2' (from 2 X 10-3 to 2 X 10-2) encompasses the km values for Pi reported in the literature for phosphorylase, which suggests that changes in the levels of this substrate may play an important role in the control of glycogen degradation. The increase in k2 used in the model to produce the rise in G-1-P and UDPG concentrations and enhance the rate of UDPG synthesis (Figs. 8 and 9 ) is consistent with these observations. Cellular levels of adenosine 5'-phosphate (AMP), adenosine 5'-triphosphate (ATP), and G-1-P change during development" and fall within a range that could affect phosphorylase activity. Thus k2 is a very complicated function of many parameters, the details and interrelationships of which are presently under investigation.
The mechanisms by which the synthesis of end products is initiated at culmination (k3) are known in part. A portion of the enzyme responsible for the synthesis of soluble glycogen shifts from the soluble to the insoluble cell wall primer and there catalyzes the synthesis of insoluble cell-wall glycogen." 5, 6, 22 Trehalose, which is present at low levels early in differentiation, may accumulate at culmination due to a decrease in activity of trehalase.2' An enzyme responsible for the synthesis of the mucopolysaccharide is reported to appear for the first time at culmination.24
The model also makes possible predictions with respect to the rate of synthesis and degradation of soluble glycogen. Although the specific enzyme activity of glycogen synthetase is known to decrease about tenfold between aggregation and culmination,6 an increase in both the synthesis and degradation of glycogen over this period of time may be predicted from the model. Preliminary results in the laboratory on the rate of glycogen synthesis in vivo appear to support the implications of the model rather than those of the in vitro data.
The kinetic model presented accounts for a large body of data. Simpler models consistent with all of the available information could not be made. For example, one model was limited to a study of the accumulation patterns of UDPG, UTP, and G-1-P (see Fig. 1 ). The few times in such parameters have no effect on the major conclusion that the rate of substrate availability is the primary point of control in this reaction.
A great deal of research in the field of the biochemistry of cell development is oriented around the assumption that changing enzyme levels are the major critical factor in controlling pathways essential to differentiation. In the case of UDPG pyrophosphorylase, this is clearly not valid. In fact, inhibition of the enzyme is probably required in order to achieve the accumulation patterns, etc. observed during development. Increased availability of a precursor is the obvious point of control; a reaction can go no faster than the rate at which substrate is supplied, regardless of the amount of enzyme present. Since enzymes are generally in great excess in vivo compared to their substrates, effectors, etc,28-34 apparently striking changes in their concentration may not be critical to the rate in vivo of the reaction involved. Theoretical studies in progress emphasize the fact that even large increases in enzyme concentration can produce increased reaction rates only over very short periods of time and are not effective over the relatively long time periods involved in differentiation processes. In contrast to the control of differentiation at the level of transcription or translation, "fine-level" control (substrate and effector availability, etc.) must of course always be correlated in time with the accumulation of products characteristic of the differentiated cell.' Understanding the relative importance of the factors involved at this level of control may almost be an end in itself in primitive sysPRoc. N.A.S. tems. Control at this level is also the only medium through which simultaneous or prior control at the genetic level can ultimately be expressed and, therefore, understood.
Summary.-A kinetic model for a critical portion of the metabolism underlying differentiation in the cellular slime mold has been developed. The model is based on the principles of biochemical kinetics and is consistent with all of the data thus far available for this system. One conclusion arising from this analysis is that an increase in the concentration of UDPG pyrophosphorylase during differentiation cannot be responsible for the enhanced rate of UDPG synthesis observed.
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